Magnetization Transfer Contrast (MTC) and Chemical Exchange Saturation Transfer (CEST) experiments measure the transfer of magnetization from molecular protons to the solvent water protons, an effect that becomes apparent as an MRI signal loss ("saturation"). This allows molecular information to be accessed with the enhanced sensitivity of MRI. In analogy to Magnetic Resonance Spectroscopy (MRS), these saturation data are presented as a function of the chemical shift of participating proton groups, e.g. OH, NH, NH 2 , which is called a Z-spectrum. In tissue, these Z-spectra contain the convolution of multiple saturation transfer effects, including nuclear Overhauser enhancements (NOEs) and chemical exchange contributions from protons in semi-solid and mobile macromolecules or tissue metabolites. As a consequence, their appearance depends on the magnetic field strength (B 0 ) and pulse sequence parameters such as B 1 strength, pulse shape and length, and interpulse delay, which presents a major problem for quantification and reproducibility of MTC and CEST effects.
Introduction
The average MRI signal in a voxel reflects contributions from all composing tissue compartments and provides information about the local magnetic, chemical and physical interactions that the water protons (nuclei or spins) undergo when the spin system evolves during DNA, cellular metabolites, blood components, etc. For instance, relaxation properties are affected by water motion, which may vary from almost free, e.g. in the cytoplasm, to severely restricted, e.g. when temporarily trapped in a semi-solid environment such as a membrane. In addition, protons are magnetic dipoles (spins) that will interact with other spins in their environment either through the electrons in the chemical bonds (called scalar coupling) of molecules or through space via dipolar coupling. During these physical, chemical and magnetic interactions, magnetization can be transferred between different locations within the molecule or between molecules. When performing imaging experiments, all of these effects contribute to the signal intensities and tissue parameters measured, e.g. relaxation times and diffusion constants. While this complicates the interpretation of MR images, it also provides the foundation for the versatility of this technology to study multiple aspects of tissue physiology simply by varying some pulse sequence parameters.
In this review we discuss the transfer of magnetization between spin systems that undergo chemical exchange and experience dipolar coupling effects with nearby nuclear systems and how such interactions are assessed in conventional Magnetization Transfer Contrast (MTC) and in Chemical Exchange Saturation Transfer (CEST) MRI experiments. The historical nomenclature for these two technologies is unfortunately a bit confusing, because all of these processes fall under the general Nuclear Magnetic Resonance (NMR) category of magnetization transfer (MT) and, due to the similar principles and pulse sequences employed, these effects are generally mixed. The magnetization of the molecular proton pool can be affected either by radiofrequency (RF) saturation, i.e. equilibration of the spin populations in the proton energy states resulting in removal of detectable magnetization, or RF excitation, i.e. interchanging of the spin populations of the energy states, which can lead to different types of transverse and longitudinal magnetization and multiple-or zero-quantum spin coherences. In solid-like molecules, excitation always also leads to removal of detectable signal, because of rapid dephasing of any transverse magnetization generated due to the microsecond proton T 2 . As a consequence, MTC experiments have a featureless broad Z-spectrum and are limited to saturation transfer. However, in mobile molecules transverse magnetization and spin coherences stay around, giving rise to the possibility of spin system manipulations (chemical shift evolution, use of spin coherence selection) similar to high resolution NMR. As such CEST has an unlimited potential for editing of spectral components and visualizing spin systems before their ultimate detection as saturation on the water signal.
In this review, we will first provide a brief explanation of the phenomena underlying magnetization transfer, namely chemical exchange, the nuclear Overhauser enhancement (NOE) and the effects of dipolar transfer. We then proceed to an explanation of CEST basics, followed by an introduction of the Z-spectrum, typically used to measure CEST and MTC effects. We will then discuss the details of the in vivo Z-spectrum, including the contribution of relayed NOEs in mobile macromolecules. These three phenomena and the occurrence of direct water saturation (DS; also known as the direct effect, DE, in MTC literature) all mix when irradiating within the basic frequency range of the proton spectrum of solute molecules (metabolites, proteins, peptides, etc.) . The contributions of these components change as a function of B 0 , B 1 and the RF pulse shape and sequence timing, which has to be kept in mind when analyzing CEST images. Especially important is the coalescence of lineshapes with the water proton resonance for compounds containing fast exchanging proton groups such as the amines and hydroxyls in compounds like glutamate and myoinositol. Here, we will highlight how the move to stronger B 0 fields can enhance the information measured in CEST images and discuss the current status of the development of approaches to separate out spectral components.
Magnetization transfer processes in semisolid and mobile macromolecules
In order to understand CEST and MTC experiments and their close relationship, it is essential to have a basic understanding of transfer of polarization between nuclei. When protons are placed in a magnetic field, they attain two energy levels (Fig. 1a , E α and E β ). The lower level (spin up, α) is slightly more populated (P α ) than the higher level (spin down, β, with P β ). Polarization is the difference in population between the two energy levels that a pool of spins attains in a magnetic field. The magnetization detected in MRI is proportional to that, and, because it is determined by the Boltzmann distribution at physiological temperature, it is very small (~1-10 per million, depending on B 0 ), which is the origin of the low sensitivity of MRI. To detect a signal S, the spin system is excited (Fig. 1a) after which it relaxes back to equilibrium with T 1 . When continuously irradiating a spin pool using RF, such as in MTC or most CEST experiments, the populations equilibrate (Fig. 1b) . Thus while the total number of spins remains the same, there is no residual longitudinal magnetization and if we subsequently excite the spin system, the signal will be negligible. Such saturation can be transferred between molecules if the protons exchange physically between them, allowing us to benefit from the CEST method. However, there is an additional mechanism that can cause such polarization transfer even if protons don't exchange. This occurs when a through-space dipolar coupling exists between neighboring spins, which allows the spins to relax not only with T 1 but also with a much faster cross-relaxation rate. The strength of the dipolar coupling depends on the distance r between the nuclei (~1/r 3 ), their gyromag- Fig. 1 . Schematic overview of the effect of (a) excitation, (b) saturation and (c) cross-relaxation (NOE) on the proton spin pool populating the proton energy levels. The difference in spin population (P) between energy levels is~1-10 per million, leading to a resultant polarization (a) that can be detected (signal S) after excitation. Saturation minimizes the resultant polarization (b). When two protons (A and B) are coupled, their populations can cross-relax and saturation of one spin pool can the transferred to the other (c). The effect shown here is for slow-moving molecules, leading to reduction in polarization in the neighboring spin or a negative NOE. netic ratios and their relative orientation. Contrary to scalar coupling which can be seen in the proton spectrum, its visibility in an MR experiment depends on motion and because of fast molecular tumbling in liquids it is averaged out and not detectable. However, cross relaxation between dipolar coupled nuclei is always present and increases with reduction in rotational motion, e.g. going from small molecules to mobile macromolecules, and becomes extremely efficient in semi-solid tissue structures such as cellular membranes. Under such conditions, when saturating a spin pool A, the polarization of a spin pool B coupled to it can flip due to cross relaxation, while pool A returns back to its original polarization (Fig. 1c) . Thus, saturation or excitation can be transferred. NOE is a transfer of polarization from one pool of spins to another via cross-relaxation due to the existence of a dipolar coupling between the two pools (Solomon, 1955) . This effect spreads the polarization throughout the molecule (a process called spin diffusion) and underlies the MTC phenomenon used in MRI as well as the NOE effects of macromolecules contributing to the CEST effect. Notice that this process has to be faster than T 1 to be measurable.
The terminology that should be used for the above transfer processes is explained in Fig. 2 . After a proton is magnetically labeled (blue star), i.e. it no longer has equilibrium polarization (Fig. 1a,b) , its polarization can be transferred to neighboring protons either using dipolar coupling and resulting cross-relaxation (NOE, Fig. 2a ) or using chemical exchange (Fig. 2b) . When molecular motion is sufficiently slow, these NOEs can be relayed through the backbone of macromolecules with an efficiency that increases with reduced motion (Fig. 2c) . If water is saturated, for instance in proton spectroscopy or inverted such as in the water exchange (WEX) experiment (Mori et al., 1996a) , which is the inverse of the CEST experiment, saturation or magnetization can be transferred through exchange to solutes, after which it can be relayed further throughout the macromolecule with NOEs (Mori et al., 1996b) (Fig. 2d) , which is called an exchangerelayed NOE. Alternatively, when saturating or exciting the backbone of a mobile macromolecule, this magnetization can be relayed to an exchangeable proton, which can then go to the water. This so-called NOE-relayed (rNOE) exchange (Fig. 2e) is a major source of the upfield narrower NOE signals seen in the Z-spectra in CEST experiments, which will be discussed in more detail in the next sections. Finally, when saturating any proton pool of a semi-solid tissue component, the saturation is relayed rapidly with NOEs and can be transferred efficiently through space to protons of bound water molecules (Fig. 2f) . Notice that this intermolecular NOE transfer to bound water, which is assumed to be the main mechanism in MTC experiments (Edzes and Samulski, 1977; Wolff and Balaban, 1989) , is very efficient in the solid-like environment, but negligible in mobile proteins (Hwang et al., 1998; Otting et al., 1991) , which is sometimes confused in the literature. The saturated water can subsequently exchange with free water molecules either through water exchange or proton exchange, which is why we colored the arrow in Fig. 2f both green and red. Of course saturation in the semi-solid can also be transferred rapidly to water through exchangeable protons (Liepinsh and Otting, 1996) , such as the cerebroside hydroxyl protons in myelin. So both mechanisms contribute to semi-solid based transfer, but not to transfer from mobile proteins.
In tissue these polarization transfer or magnetization transfer effects all occur simultaneously when the particular spins of different tissue components resonate at the same frequency and contribute to the Z-spectrum in a manner dependent on molecular motion, exchange rate, the applied B 0 and B 1 fields, and molecular interaction. cross-relaxation (orange arrow), which is proportional to D 2 and the motional correlation time, causing NOE in a neighboring proton. b) Chemical exchange with rate equilibrium dependent on pool sizes: M A k AB =M B k BA ; c) relayed dipolar transfer (relayed NOE or spin diffusion); d) exchange-relayed NOE; e) NOE-relayed (rNOE) exchange, such as occurs in the upfield (lower frequency region of CEST spectra); f) intramolecular NOE-relayed transfer followed by intermolecular NOE to bound water, followed by either molecular (water) exchange or proton exchange to free water. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Basics of CEST MRI
The principle of intermolecular saturation transfer using exchangeable protons, such as those in hydroxyl (OH), amide or imino (NH), amine (NH 2 ) or thiol (SH) groups, was first demonstrated in the sixties (Forsen and Hoffman, 1963) . CEST MRI was named (Ward et al., 2000) to describe the transfer of such saturated protons from metabolites and contrast agents to water protons via the exchange of protons between molecules. The crucial features introduced were that MRI could now be used for detection and that a large sensitivity enhancement could be obtained. CEST MRI is analogous to MRS (van Zijl and Sehgal, 2016) in that multiple proton groups at different resonance frequencies can be studied. While the most important feature of MRS is its molecular specificity, it is generally hampered by very low sensitivity because of the millimolar concentration of the directly detected proton pools. CEST provides increased sensitivity at the cost of reduced specificity, because the exchangeable proton resonances are generally wider than those from the aliphatic protons and the saturation lines have linewidth proportional to B 1 . However, CEST does provide molecular specificity with MRI sensitivity, which explains the great interest in this rapidly expanding field.
A pictorial description of the CEST mechanism is shown in Fig. 3 (van Zijl and Yadav, 2011) . In short, the exchangeable proton pool of a solute is saturated using a RF pulse at the specific resonance frequency of these protons. When exchange occurs with water protons, the water signal will be slightly reduced, i.e. on the order of the concentration of the solute protons (millimolar), but this would not be detectable with respect to the 110 M water proton signal in MRI due to limited dynamic range. The main strength of CEST comes from the fact that the unsaturated protons from the water that replace the removed saturated solute protons will get saturated by the RF irradiation, and that this process repeats itself to build up an increasing signal loss on water. When the exchange rate from the solute "s" to water (k sw ) is on the correct order of magnitude compared to the efficiency of saturation (α s ), signal enhancements by a factor of 100-1000 or even more can be achieved (Aime et al., 2009; Goffeney et al., 2001; Sherry and Woods, 2008; Ward et al., 2000; Woessner et al., 2005; Zhou et al., 2004) . However there are some conditions to be met for this to be done successfully. The solute proton pool must have a sufficiently fast exchange rate (k sw ) to the water proton pool "w" and be sufficiently saturated before exchange occurs. Other favorable conditions are (i) for the saturated water protons to have a long T 1 to allow the saturation to remain and (ii) for the exchange regime to be in the slow to intermediate range, i.e., Δω sw ≥k sw , in which Δω is the frequency difference with water in radians/s. The latter causes the chemical shift of the proton in the solute pool to be sufficiently separated from that of water, improving selectivity. When assuming a slow exchange regime and a two-pool model with no back exchange of the saturated protons or perturbation from the RF irradiation to the water protons, a simplified analytical expression of the proton transfer ratio (PTR) can be obtained for the CEST effect (Goffeney et al., 2001; Zaiss and Bachert, 2013a; Zhou et al., 2004) :
in which x exchangable protons water protons
Here, square brackets indicate concentration and x s is the fraction of solute protons, T w 1 the T 1 of water, and t sat the saturation duration. Thus the CEST effect increases with the relative concentration of solute protons, the saturation efficiency of the RF pulse, and the exchange rate. However, the two T w 1 terms partially compensate each other.
Basics of MTC MRI
Conventional Magnetization Transfer Contrast imaging of semisolid systems, which we will define as MTC here because MT is too general of a concept as explained above, refers to the phenomenon that application of a RF saturation pulse at a frequency well outside the proton NMR spectral range (~0-10 ppm with water around 4.75 ppm in MRS) causes a reduction in the water signal. This was first discovered in vivo in the eighties (Wolff and Balaban, 1989 ) and studied and reviewed in detail in the following decade (Balaban and Ceckler, 1992; Henkelman et al., 1993 Henkelman et al., , 2001 Pike, 1996; Stanisz et al., 1999 Stanisz et al., , 2005 Wolff and Balaban, 1989) . The reason for this effect is that this far off-resonance RF pulse (i.e. from water), while not affecting the proton spectrum of mobile tissue compounds including water, is When irradiating the water protons at 4.75 ppm, the signal disappears due to direct (water) saturation. This frequency is assigned to 0 ppm in Z-spectra. At short saturation times, only this direct saturation is apparent. At longer t sat the CEST effect becomes visible at the frequency of the low-concentration exchangeable solute protons, now visible at 8.25-4.75=3.5 ppm in the Z-spectrum. (d) Result of Magnetization Transfer Ratio asymmetry (MTR asym ) analysis of the Z-spectrum with respect to the water frequency to remove the effect of direct saturation. Reproduced, with permission from van Zijl & Yadav, Magn. Reson. Med. 65, 927 (2011) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) partially saturating the proton pools of semi-solid tissue components (e.g. membranes or myelin sheets) that have very short T 2 and exhibit large dipolar couplings. The width of these resonances is so large that they can still be irradiated at frequencies that extend well beyond the proton spectral range in liquids. This saturation can be transferred rapidly through the solid-like system and eventually to the water protons (Edzes and Samulski, 1977; Wolff and Balaban, 1989) .
Definition and features of the Z-spectrum: direct water saturation effect (DE), MTC, CEST, and relayed NOEs of mobile proteins; effects of B 1 and B 0
To measure saturation effects, a Z-spectrum (Bryant, 1996; GuivelScharen et al., 1998) is acquired in which the water signal intensity during saturation (S sat ) is normalized to the signal intensity without any saturation (S 0 ) and displayed as a function of the saturation frequency (Fig. 3c) . A significant reduction in water signal occurs after irradiation at a frequency offset that corresponds to the resonance of the solute protons. A very important point to notice is that Z-spectra are referenced to the water proton frequency assigned to 0 ppm, while the water frequency in the 1 H MRS spectrum ( Fig. 3b) is around 4.75 ppm due to the use of tetramethylsilane (TMS) and trimethylsilylpropanoic acid (TSP) as references for 0 ppm in vitro and in vivo, respectively. Also important is that the correct convention for the spectrum is to have positive frequencies on the left, since it is based on correspondence to the proton spectrum.
Since both MTC and CEST MRI use molecular proton saturation and water detection, these phenomena mix in the resulting image when irradiating within the basic frequency range of the proton spectrum of solute molecules (metabolites, proteins, peptides, lipids, etc.) . This mixing makes the interpretation of the data from saturation experiments confusing since it is often challenging to separate different contributions (DE, MTC, and CEST) in measured Z-spectra. To make things worse, the degree to which different kinds of molecular protons contribute at each frequency depends on the magnetic field strength B 0 , the B 1 field used, the number of saturation pulses and their shape, and the pulse sequence timing. It also strongly depends on intrinsic relaxation properties of proton pools and exchange rates. In order to further comprehend the influence of these different contributions on the Z-spectrum we discuss them in order of their relative dominance.
Direct effect
When there are no macromolecules or solutes interfering (i.e., in the absence of MTC and CEST), the effect of direct RF saturation of water protons is readily described by the Bloch equations (Henkelman et al., 1993) . The normalized signal S sat (Δω)/S 0 is minimal when the RF saturation occurs at the water resonance frequency and unity far off resonance. The offset Δω is given in absolute or relative units (Hz and ppm, respectively) from the water proton pool's resonance frequency, defined to be at 0 Hz and 0 ppm, respectively. The former is useful for specifying RF saturation frequencies on scanner hardware (and used usually in MTC literature) while the latter facilitates comparison of spectra independent of field strength (standard in NMR, MRS and for describing CEST phenomena). The use of these two different conventions may lead to confusing results between laboratories as we demonstrate below (Fig. 4) . Fig. 4a , using the MTC frequency convention, shows the simulated DE in gray matter (see Table 1 for exchange parameters) for two different saturation RF powers (B 1 =1 and 4 µT) and three external magnetic fields (1.5, 3, and 7 T). The direct saturation spectrum around 0 Hz (0 ppm) is a Lorentzian (Mulkern and Williams, 1993; Wolff and Balaban, 1989 ) with a linewidth Δ ½ max at half maximum saturation increasing linearly with the RF saturation frequency ω 1 =γB 1 and given by:
Where T 1w and T 2w are the longitudinal and transverse relaxation times of the water pool, respectively. The DE spectrum in Hz widens with increased B 0 field, due to an increase in the T 1w /T 2w ratio, since T 1w increases with magnetic field (Bottomley et al., 1984) , while T 2w slightly decreases or remains constant (Bottomley et al., 1984; Stanisz et al., 2005) . However, the saturation line narrows when using the NMR ppm scale (Fig. 4c) , which indicates that separation of spectral components is expected to improve at higher field, as is well known in the NMR and MRS fields. The CEST effect can sometimes be diminished by the direct effect (DE) of water saturation, namely when the solute protons resonate close to the water frequency or when using a strong B 1 . Assuming that DE is symmetric around the water resonance, the water signal reduction due to CEST effects can be visualized by the subtraction of one image with a selective saturation RF pulse on the solute protons and another one with saturation on the opposite side of the water resonance. This reconstruction approach (Fig. 3d ) is called MT ratio asymmetry (MTR asym ) analysis. Using the definition MTR=1−S sat /S 0, this process is characterized by:
sat has been used for normalization instead of S 0 . However, when using asymmetry analysis, it has to be realized that all saturation transfer effects that are not symmetric with respect to the water resonance will still contribute, which will be discussed in detail below.
Contribution of MTC
To properly describe effects in vivo in tissue, the exchange process between the very broad semisolid macromolecular MTC pool (T 2 on the order of microseconds) and the free water pool has to be added in. Conventionally in the MTC field it has been assumed that the solid-like macromolecular pool line shape is symmetric around water at 0 Hz (or 0 ppm), probably due to the dominance of the direct saturation of this resonance, and can be described as super-Lorentzian (Morrison et al., 1995) . Addition of such a symmetric semisolid pool, which is in magnetic contact with water, causes an apparent overall signal attenuation ( Fig. 4b ) that quickly becomes dominant at high saturation powers. Note that MTC parameters such as semisolid fraction and exchange rate are field independent, while the T 2 relaxation of the macromolecular pool is so short that no effect is apparent with the B 0 field. Therefore, when using the frequency scale and assuming a single MTC component symmetrical with respect to the water frequency, the difference between MTC spectra across different magnetic fields B 0 can be assumed to be driven mainly by changes in T 1w /T 2w ratio, i.e., the spectrum of the direct effect. In recent years there has been an increasing number of reports indicating that the MTC effect is not symmetric (Hua et al., 2007; Pekar et al., 1996; Swanson and Pang, 2003; Swanson et al., 2016) . The issue whether MTC is symmetric or not has been a matter of sometimes heated debate. We will discuss this problem at the end of this section and after the experimental data section, since, in our view, one cannot discuss MTC asymmetry without the presence of CEST effects, which dominate at low B 1 -values, and the truth can only be determined by experimental data.
CEST and rNOEs of mobile proteins and peptides
Additional features in the Z-spectrum occur because of magnetization transfer to water from proton pools in dissolved proteins and peptides, amino acids, sugars, and other metabolites, which are the typical CEST pools. The amount of attenuation observed from a given pool is dependent on its exchange rate with water (which, in turn, is dependent on temperature, pH, proton shielding, and mobility). Exchangeable proton effects are typically seen at frequencies higher than the water proton resonance (i.e. downfield from water). A commonly investigated CEST proton pool is that of amides in the backbone of dissolved proteins centered at around 3.5 ppm (Goffeney et al., 2001; Zhou et al., 2003a Zhou et al., , 2003b . Another pool includes primary amine groups and guanidinium proton groups, especially but not exclusively in amino acids, with chemical shifts ranging from about 2 to 3 ppm. Examples include glutamate in the brain and creatine ) in brain and muscle. Another major pool is that of hydroxyl protons in sugars from around 0 to 3.5 ppm, especially myo-inositol in the brain (Haris et al., 2011) and glycogen in liver and muscle . In the knee, the hydroxyl group of glycosaminoglycans has been studied (Ling et al., 2008) . Shift differences may be much larger if the protons are hydrogen bonded (Lauzon et al., 2011; Yang et al., 2013) , but these have not yet been found in vivo. A list of some CEST agents and their relevant parameters can be found in (Ward et al., 2000; Zhou and van Zijl, 2006) , but it has to be kept in mind that this is a subset, as any compound with exchangeable protons can, in principle, be a CEST agent and contribute to the Z-spectrum.
In addition to signals downfield, typically features are visible in the negative frequency offset (upfield) region of the Z-spectrum (Ling et al., 2008; van Zijl and Yadav, 2011) . A local minimum commonly seen in cancer cells (Desmond et al., 2014; Jones et al., 2013) and the brain Jin et al., 2013; Jones et al., 2013) occurs at approximately -(2.0-3.5) ppm, corresponding to the frequency offset of tertiary, secondary and primary aliphatic groups (i.e., having chemical formulas of R 3 CH, R 2 CH 2 , and R 2 CH 3 respectively). Another prominent rNOE has recently been demonstrated at -1.6 ppm, assigned to choline phospholipids . Data from water-exchange (WEX) filter spectroscopy experiments (van Zijl . These spectra assume a hypothetical case of gray matter at different field strengths B 0 and for different saturation pulse amplitudes B 1 . Note that, due to the use of symmetric MTC, the different spectral appearances as a function of B 0 in a and c are due mainly to T 1w and T 2w . The same is true for c and d, but due to the increase with field in frequency/ppm being larger than the increase in the square root of T1w/T2w, the saturation lines narrow with field. Parameters used: T 1w =0.8, 1.2, 1.6 s, T 2w =72, 69, 62 ms (at 1.5, 3, 7 T, respectively); MTC: fraction 5%, rate 40 Hz, T 1 =1 s, T 2 =9 µs, steady state continuous saturation. Note that the exchange rate is for exchange from the solute "s" to water "w" pool.
P.C.M. van Zijl et al.
NeuroImage 168 (2018) 222-241 et al., 2003) show that this magnetization loss in the Z-spectrum originates from these groups via intramolecular rNOEs to backbone amide protons, which subsequently exchange with water protons, but not from direct dipolar effects between water and the macromolecules (Hwang et al., 1998; Otting et al., 1991) . Several different resonances of mobile macromolecules are present in this frequency range, but they often appear as a continuous broad line in Z-spectra, most likely due to the interference from the NOEs from the MTC effect. Only at very low B 1 can these spectral fine structures be distinguished (Jones et al., 2013) . These mobile macromolecular features are also visible in short-TE proton spectra (Behar et al., 1994; Kauppinen et al., 1993) . Fig. 5 shows simulated, illustrative Z-spectra for gray matter including CEST contributions consisting of amide (3.5 ppm), amine (glutamate, 3 ppm), guanidinium (creatine, 2 ppm), and hydroxyl (myo-inositol, 0.9 ppm) protons and five rNOE components (see Table 1 for shifts and exchange parameters). The presence of exchanging CEST pools and rNOEs only slightly alters the shape of the observed Z-spectrum and they become manifest only at higher B 0 values ( Fig. 5a-b ) and low B 1 values. At lower B 0 , the contributions of these CEST and rNOE pools to the Z-spectrum are difficult to see, but they can be appreciated by the presence of the Z-spectrum asymmetry when performing MTR asym analysis ( Fig. 5c and d) . The CEST effects are more pronounced at lower saturation pulse amplitudes as seen in Fig. 5b but the asymmetry persists (even though strongly reduced) at high powers due to removal in large part of the symmetric DE and MTC contributions.
Asymmetry in the Z-spectrum
Based on theoretical expectations and illustrated by the simple simulations in Fig. 5 , it is clear that, at low B 1 ( < 1 µT), the slowexchanging CEST (e.g., amide) and rNOE contributions cause a strong asymmetry in the proton spectral range, which quickly reduces to zero just above 5 ppm. Fig. 5 also shows that one cannot neglect the effects of CEST exchange at high B 1 , but that the contributions differ because the saturation of slow-exchanging protons is maximal, while that of the fast exchanging protons keeps increasing with power. Thus, even at 4 µT the simulated Z-spectrum is asymmetric, although the effects become less apparent due to the large DE and MTC contributions that cause most of the water saturation. In our simulations, we assumed symmetric MTC. After the experimental section we will discuss whether this is a realistic approach and whether, in addition to the asymmetric . These spectra include the direct effect and symmetric MTC contributions described in Fig. 4 . As per NMR (and MRS, CEST) convention the frequency offsets are in ppm. CEST components: amide (3.5 ppm, 72 mM, k sw =30 Hz, T 2 =100 ms), glutamate (3 ppm, 20 mM protons, k sw =5500 Hz, T 2 =200 ms), creatine (2 ppm, 20 mM protons, k sw =1100 Hz, T 2 =170 ms), myo-inositol (0.9 ppm, 45 mM protons, k sw =2000 Hz, T 2 =55 ms), and five NOE components -1.75, -2.25, -2.75, -3.25, and -3.75 ppm; each 100 mM protons, k sw =16 Hz, T 2 =5 ms).
CEST/rNOE effects, asymmetric MTC should be included for data interpretation at both lower and higher B 1 values.
Measuring Z-spectra
Before discussing features of Z-spectra from the literature, it is important to point out that such data are affected by the hardware used and that it is necessary to correct for influence of B 0 and B 1 inhomogeneity and system instability. For example, shimming may not be able to create a uniform B 0 field within the subject, leading to shifts in the frequency offset axis unique to each voxel. Similarly, the transmit field may not have a uniform spatial profile due to coil loading or have a systematic bias due to incorrect transmit gain calibration. These system imperfections affect the Z-spectra, because experiments use prescribed ω ∆ and ω 1 values that may differ from the actual ones at different spatial locations. Voxelwise B 0 correction can in principle be performed at low B 1 by shifting the Z-spectrum of each voxel to 0 ppm using the DE (Stancanello et al., 2008) , but at higher B 1 , this simple approach is prone to error in vivo as interference of hydroxyl groups may broaden the water lineshape and change the minimum. Alternatively, and more accurately, a separate B 0 assessment can be acquired, for instance using a low saturation power scan with frequency offsets centered closely about the water resonance in a technique known as water saturation shift referencing (WASSR) (Kim et al., 2009 ), a B 0 map with every frequency offset (Keupp and Eggers, 2010) , or a two-echo B 0 map (Wei et al., 2010) . Recently, a technique called WASABI was published that simultaneously allows for mapping of B 0 and B 1 (Schuenke et al., 2016) .
For long scans, such as Z-spectrum acquisition with dense frequency offset sampling, there may be drift over time of the reference signal intensity S 0 leading to inaccurate normalization of the acquired signal. This can be corrected by acquiring reference scans at regular intervals during an experiment, interpolating the reference scans if necessary, and normalizing the signal acquired by this time-varying reference value (Desmond and Stanisz, 2012; Jones et al., 2013) . Further, when fitting the entire Z-spectrum, Rician noise disproportionately increases the signal in low-signal frequency offsets (i.e., near the water resonance) compared to other higher-signal offsets. A signallevel-dependent subtraction based on a measurement of the background noise standard deviation can be used for correction (Henkelman, 1985) .
The above system-based criteria affect quantification of CEST effects when ratiometric or signal difference approaches with respect to the water frequency (such as MTR asym , Eq. (4)) are used. In the following discussion of experimental data, we have selected examples for which the appropriate corrections were performed.
Experimental Z-spectra and what they tell us
As a first example of in situ Z-spectra, Fig. 6 shows data acquired for the rat brain (mixture of gray and white matter) at 4.7 T under three different physiological conditions, namely normocapnia and hypercapnia in vivo, and postmortem (Zhou et al., 2003b) . Several features become clear immediately for these data with a large MTC contribution. First, similar to the simulations, there is hardly any spectral fine structure visible, except for a small dip at the 3.5 ppm offset, attributed to the combined amide proton transfer (APT) effect. Secondly, there is a clear Z-spectral asymmetry within the proton spectral range for mobile components (0-5 ppm, Fig. 6a,b) , which is not visible when looking in areas of mainly CSF (Fig. 6g) , where the DE is expected to dominate. These two effects are confirmed when performing asymmetry analysis (Fig. 6c and h) . Interestingly, however, the asymmetry is maintained in brain tissue when measuring well outside the spectral range for mobile molecules (Fig. 6d) . More insight can be attained when looking at the different physiological conditions. While the Zspectra for hypercapnia and normocapnia are shifted in intensity, the shape remains the same within error as revealed by the MTR asym spectra in Fig. 6c and d . On the contrary, when comparing in vivo and postmortem, the MTR asym data differ over the 2-5 ppm range, while this difference is clearly negligible outside the range for mobile molecules (Fig. 6d) . The main difference immediately postmortem versus in vivo is acidification of the tissue, evidenced by the reported drop in pH from 7-7.1 to about 6.7, as measured with 31 P spectroscopy. Thus, the pH change shows a reduction in saturation transfer in the mobile molecule (CEST) spectral range, but not for the larger offsets (MTC based). This is in line with older reports showing no significant saturation transfer changes with pH for MTC. These data show a clear asymmetric contribution for MTC in the brain, and this will have to be taken into account in future simulations. Finally, Fig. 6e and f show the changes in PTR between normocapnia and hypercapnia and normocapnia and cardiac arrest. Again the postmortem data show a clear effect only in the CEST spectral range, i.e., associated with mobile molecules. The maximum effect postmortem is at an offset of 3.5 ppm, the resonance of the amide protons, leading to extensive investigations in the use of amide proton transfer (APT) for clinical application.
In Fig. 7 , recent data from Lam and Stanisz (unpublished results) at 7 T for gray matter in the mouse brain are shown. Similar to the simulations, spectral features at 3.5 and 2 ppm become visible, presumably due to the amide and guanidinium (creatine) protons, respectively. At this low power of less than 1 µT, the asymmetry is determined by the CEST and rNOE contributions and starts to reduce around 5 ppm, even though an appreciable component of about 4% asymmetry remains. While it is tempting to interpret this as MTC asymmetry, data will have to be acquired at larger offsets to confirm this.
Symmetric versus Asymmetric MTC based on experimental data
The limited experimental data in Figs. 6 and 7, together with more extensive studies by others (Hua et al., 2007; Swanson, 1998; Swanson et al., 2016) seem to indicate a substantial asymmetric MTC component on the order of a few percent (for B 1 =1-3 µT), which can be concluded based on data at frequency offsets larger than 5 ppm. In addition, the asymmetry at frequency offsets in the proton spectral range (mobile molecules) is dominated by CEST and rNOE effects in mobile tissue components. Since many effects mix when performing an asymmetry analysis, the typical approach in the CEST world to name an effect after the predominant component at a certain frequency is not recommendable. So instead of APT MRI or gluCEST (glutamate CEST), one should use APT-weighted MRI and glu-weighted CEST, etc.
Simulating the contributions to the saturation transfer spectra in vivo is an enormous task. Any successful attempt would require to collect a wide range of experimental data covering a large range of saturation amplitudes and offset frequencies at multiple field strengths and apply a tissue model that consists of CEST, rNOE, and MTC pools and fit the corresponding Bloch equations. However, such an approach has severe limitations since it requires a priori information to define the number of exchanging pools, whereas in the complex tissue we may have too many degrees of freedom to determine all model parameters to describe exchange rates, pool sizes and their chemical shifts. One thing, however, that becomes apparent is that, within the proton spectral range, it is not easy to clearly separate magnetization transfer effects from mobile and semisolid tissue components. This is not surprising in view of the fact that all are currently measured using the same pulse sequences which cannot distinguish between dipole-dipole transfer and chemical exchange. The simple separation of CEST and MTC based on type of molecule (large vs. small) may be questionable as the tissue has constituents with a range of mobilities.
With respect to MTC, recent work (Xu et al., 2017 ) is starting to show some insight into semisolid tissue components, indicating both very fast and slower exchanging proton contributions to MTC. We speculate that the fast ones may be from direct irradiation of OH groups, also suggested by Liepinsh and Otting (1996) , or even bound water molecules that exchange rapidly to protons in free water, which would relate to frequencies close to the water resonance and thus a "symmetric component". The slower ones would be from relayed NOEs inside the aliphatic backbone, i.e., at frequency offsets for CH, CH 2 , and CH 3 groups and "asymmetric", the magnetization of which is relayed through the backbone and then transferred to exchangeable protons or direct through space to bound water. However, this will have to be proven still. Recent work by Lee et al. (2016) shows asymmetric MTC in normal white matter and symmetric MTC in brain tumors (known to have higher water content), which indicates dominance of different proton pools for these tissues. When performing MTC studies in other tissues, contributions will no doubt vary too.
Other analysis approaches for the Z-spectrum
While the standard and quickest way to analyze the Z-spectrum is by using the MTR asym , it is founded on the assumptions that DE and MTC effects are symmetric and cancel out, and that signal at the same absolute frequency offset opposite from the water resonance has no saturation transfer contributions in addition to DE and MTC. While MTR asym analysis has proven to be useful for many applications, it should be clear from the above that this assumption does not apply in practice, where rNOE effects of mobile proteins are clearly visible and asymmetric MTC effects may occur. As a consequence, investigators are exploring new analysis approaches in an attempt to separate out the actual signal components. Since the purpose of this paper is to provide insight into the field dependent features of MTC and CEST, we only provide a brief illustration of these other methods by using the simulated data set from Fig. 5 (Table 1) consisting of water, a symmetric MTC pool, four CEST pools (amide, glutamate, amine, and myo-inositol), and five relayed NOE pools. Spectra were simulated for two B 1 values at 7 T (Fig. 8a and b) , either with all pools present (solid black lines), with only the DE and MTC pools (dashed black lines), or with DE, MTC, and one CEST or rNOE pool minus the DEand-MTC-only spectrum. The latter was done to visualize the contributions from the individual CEST and rNOE pools at the bottom of the graphs. The amide (yellow-orange) component has a relatively small exchange rate with water (30 Hz); the guanidinium protons (red) a moderate rate (1100 Hz); the glutamate amine protons (green) and myo-inositol protons (blue), fast rates (5500 and 2000 Hz, respectively). This is reflected in the resulting spectral shape, which is symmetric about its resonance offset for the amide (3.5 ppm), while the glutamate and myo-inositol resonances are coalescing with that of water, leading to an asymmetric lineshape with an apparent maximum close to the water resonance and not at the appropriate resonance offsets of the NH 2 and OH resonance offsets (3 and 0.9 ppm, respectively). The guanidinium proton lineshape, shows an intermediate exchange effect, still resonant at 2 ppm. Importantly, since the glutamate resonance is close to that of the amide and the guanidinium protons, the broad coalesced glutamate-water lineshape overlaps with these, potentially confounding efforts to separate them, especially at higher B 1 .
The general principle of the alternative methods is to fit the Zspectrum by assuming a certain number of proton pools, including DE and symmetric MTC. In the simplest approach, applicable only at low B 1 where MTC is negligible at large offsets, the water resonance is fitted with a Lorentzian shape (using points close to its center and far off resonance) and subtracted out. This so-called Lorentzian difference (LD) approach allows the visualization of the slow exchanging amide and rNOE components (Jones et al., 2013) . This is illustrated for the human brain in Fig. 9 . However, even at this B 1 of 1 µT, an asymmetric broader MTC component is visible below the fine structure of the rNOE components. This seems to confirm that the asymmetric MTC component has a slow transfer rate, but this still has to be investigated in more detail. In more involved approaches, each proton pool is seen as separate and assigned a Lorentzian (L i , which has amplitude, width, and height parameters). The labeled Z-spectral intensity, Z lab ( ω ∆ ), is then composed of a constant baseline (Z base , which would be 1 in a perfect world) plus n Lorentzian components (L i ):
While the MTC pool has been found to have a predominantly superLorentzian lineshape (Morrison et al., 1995) , it has been approximated as a Lorentzian near its peak (Windschuh et al., 2015) or, due to its broad linewidth, assumed to be a constant attenuation across frequency offsets near 0 ppm (Desmond et al., 2014; Zhang et al., 2016a) . The assumption of no interaction between the pools is not valid in general, but breaks down even more if the RF saturation pulse is too strong or when coalescence occurs in the fast exchange regime. Due to the phenomenological nature of this method it is difficult to interpret the physical basis of the model parameters. 6 . Z-spectra and MTR asym data for normocapnic (green), postmortem (cardiac arrest, red) and hypercapnic (blue) rat brain at 4.7 T. Five regions of interest covering the whole brain (fronto-parietal cortex, inferior colliculus, cerebellum) were chosen and averaged. In Z-spectra (a,b,g), signal attenuation is due mainly to the DE close to the water frequency and the MTC effect over the whole spectral range. MTR asym data for brain (c,d) show a clear asymmetry in the proton spectral range (c) with the magnitude of the effects differing between postmortem and in vivo, explained in terms of a reduced pH postmortem reducing the CEST effects. The Z-spectrum asymmetry clearly extends well beyond the proton spectral range (d), indicating that it has to be due to asymmetry in the MTC. When choosing small areas with predominantly CSF (g,h) this asymmetry disappears due to the presence of just the DE. (e,f) When subtracting the MTR asym spectra of normocapnia from those of postmortem and hypercapnia to get the difference in proton transfer ratio (PTR), the asymmetry at higher frequencies disappears and no effect remains for hypercapnia while the pH effect from cardiac arrest is visible only in the proton spectral range, with a maximum at 3.5 ppm. Saturation parameters: 400 Gaussian pulses (6.6 ms, delay 3.4 ms; total 4 s, average power 1.2 µT). Reproduced, with permission from Zhou et al. Nature Med. 9(8), 1085-1090 (2003) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) coalesced with that of water, the lineshape is no longer Lorentzian (see glutamate, myo-inositol and even creatine in Figs. 8a and b ) and fitting will fail (Zhang et al., 2017a (Zhang et al., , 2017b . Note also that since the multiLorentzian model does not account for interaction between CEST pools and water, the sum of fitted Lorentzians will erroneously results in higher signal near 0 ppm where the tails of multiple Lorentzians overlap (not explicitly shown). The rNOE components are generally fitted using one component, which is also not realistic.
Despite the inaccuracy for assessing fast exchanging components, the Lorentzian fitting is gaining some popularity, especially in combination with inverse Z-spectral analysis . In this analysis, each component Z lab j , (Eq. 5) is combined with the baseline
) at that frequency through inverse addition, which has theoretically been shown to provide a spillover (DE-) and MTC-corrected contrast for the exchange-dependent relaxation contribution, Rex, (Zaiss and Bachert, 2013b)
This analysis is sometimes expanded to include a theoretical correction for the effect of T 1w (Eq. (1)), the so-called water relaxation compensated CEST method, isolating the apparent exchange-dependent relaxation (AREX), presumably dependent only on x k ⋅ s sw when assuming a fully saturated component in the slow exchange regime:
Rex w 1
(7)
Examples of these analyses can be seen in Fig. 8e-f . They work well for slow-exchanging amide and rNOE signals at low B 1 , but become more difficult with increasing B 1 due to the division by small numbers close to the large remaining water signal.
An improvement over the Lorentzian approach is use of the Bloch equations to fit Z-spectra in the rotating frame (Desmond and Stanisz, 2012; Heo et al., 2016b Heo et al., , 2016c Lee et al., 2016) or the effective B 1 field frame (Zaiss et al., 2015a (Zaiss et al., , 2015b . Further Z-spectra at powers sensitive to MTC can be acquired to constrain the MTC pool parameters. While the Bloch equations take into account exchange between the individual pools with water, they do not include exchange between the MTC and CEST pools and still assume only a limited number of pools. As well, the process of relayed NOE between coupled spins cannot be described by this classical approach and only be approximated as one or more individual pools. Although a powerful tool, Bloch equations are not without their problems. The most notorious one is a lack of sufficient observables allowing the separation of various parameters (such as exchange rate, proton fraction and T 2 of the CEST components). This is even visible in phantoms (Desmond and Stanisz, 2012) where CEST concentration is very high and control over experimental conditions is much better. For instance, when applying Bloch fitting to the experimental data for mouse hippocampus at 7 T (Fig. 7) , the presence of very broad peaks centered at 3.5 ppm, 2 ppm, and -3.4 ppm might be interpreted as single amide, amine and rNOE pools, respectively. In this particular case the data may indicate only three exchanging CEST components, while we know from physiology and can see from Fig. 9 that more pools are present. Thus, although a good fit may be found, it may not be realistic and result in unphysical parameters such as very high concentrations and low T 2 relaxation times of the CEST components caused by multiple underlying components at each peak position. Another very similar approach is to empirically remove just the combined baseline features from DE and MTC, the so-called extrapolated semisolid magnetization transfer reference (EMR) approach. Assumptions are made for the shape of this broad baseline (symmetric or asymmetric) and high-frequency-offset features in the Z-spectrum are used to Bloch fit DE and MTC, subtract them out, and subsequently analyze the remaining signal components Lee et al., 2016) . The resulting difference then simply represents contributions of the CEST and rNOE effects, dominated by amide, amine and aliphatic protons (e.g. see Fig. 8a,b) . In this approach, the 3.5 ppm and -3.5 ppm components have been denominated as APT # and NOE # . Depending on whether symmetric or asymmetric MTC is assumed, the resulting numbers and their MTR asym may differ, with the asymmetric approach most likely being more correct. This approach has the convenient practical aspect of speed, but, similar to the MTR Rex and AREX, except at very low powers for amides and rNOEs, the differences are not pure nor the component assignments accurate and resulting quantification will depend on the B 1 level used. Finally, some investigators have used a three point analysis approach (Jin et al., 2013) to draw a baseline and to determine the LD spectrum zoomed in to 10 to −10 ppm. Data acquired using pulsed steady state acquisition (25 ms Sinc-Gauss pulse, B 1 =1 µT, gradient echo detection TE/flip angle=1.72 ms/12°; whole brain acquisition 10.9 s per frequency). Notice the substantial MTC contribution and its asymmetry at 10 ppm as well as the fine structure due to multiple rNOE components for mobile macromolecules. Reproduced with permission from Jones et al. NeuroImage. 77:114-24 (2013) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
CEST (mainly APT, amine and rNOE) effects from simple subtraction, sometimes in combination with inverse Z-spectral analysis . Obviously, such analysis will have contaminating components, but may still be useful for studying pH effects or amide or guanidinium intensities, especially at lower B 1 .
Z-spectral editing with pulse sequences
All of the above alternative analysis approaches use theoretical underpinnings regarding the system, especially that the DE and MTC dominated baseline and the individual CEST components can somehow be fitted out. The accuracy of the analysis will of course depend on the assumptions made and it is hard to prove that any components derived in such a manner are really "pure" or the analyses "unbiased", despite claims being made in that respect. It would thus be better if experimental approaches could be designed that can remove some of the contributing components to better visualize the species of interest. Fortunately, throughout its history, NMR has shown the ability for designing pulse sequences that can separate out spin systems based on their frequency offsets and different physical and timing properties, e.g. such as their chemical shift evolution, exchange transfer rates, and relaxation times in Table 1 . Such sequences predominantly use excitation, which would not be useful for MTC studies, because of the short T 2 causing the spins to dephase and the pools to saturate. However, CEST MRI is about the mobile components that have a finite T 2 , so the spin pools can be selectively excited and manipulated and this information transferred to the water signal where it shows up as signal loss. This field of editing for CEST components is still in its infancy, but currently several pulse sequences are already available, using either saturation difference (Lee et al., 2012; Narvainen et al., 2010; Scheidegger et al., 2011; Song et al., 2012 Song et al., , 2015 Vinogradov et al., 2012; Xu et al., 2014 Xu et al., , 2016 , excitation (Friedman et al., 2010; Lin et al., 2012; Xu et al., 2017 Xu et al., , 2014 Yadav et al., 2012; Zu et al., 2012 Zu et al., , 2013 or hybrid excitation-saturation (Friedman et al., 2015) . The state of the art has been reviewed recently (van Zijl and Sehgal, 2016) and we refer the reader to that paper for study of the details. To illustrate the principles, we highlight a saturation-difference sequence that can remove the broad MTC background and most of the DE, the results of which can then be compared with some of the fitting analyses above.
The example chosen is one of the so-called variable-delay multipulse (VDMP) approaches (Xu et al., 2017 , consisting of a series of excitation or saturation pulses (Fig. 10) separated by an inter-pulse delay time t mix , in which the spin pools exchange information (they mix magnetization). While both slow-and fast-exchanging protons are labeled during the saturation pulses, their saturation buildup during t mix differs appreciably. For fast-exchanging protons, the partially labeled spins already fully exchange with water protons during the RF pulse, and negligible additional transfer takes place during t mix . As a consequence, the CEST signal decays with relaxation time constant T 1w (Fig. 10b) . For slow-exchanging protons, the labeled spins take longer to transfer to water and this process continues during t mix , causing the saturation of water to increase before starting to decay with T 1w (Fig. 10b) . The buildup patterns for the VDMP method closely resemble the NOESY curves commonly measured in high-resolution NMR (Cavanagh et al., 2007) . The difference in buildup patterns can be used to separate different spin pools by fitting the buildup curves. Alternatively, one of the components can be removed by subtracting signals acquired at two mixing times where its water saturation is equal. Fig. 10c-g shows an example of using such VDMP difference editing for suppressing the MTC pool in the human brain. It was empirically established that mixing times of 0 and 100ms have about the same VDMP signal for MTC (Fig. 10c) . The MTC contrast that is clearly visible at t mix =0 ms (Fig. 10d ) disappears when subtracting these two images (Fig. 10e) , allowing generation of VDMP difference images at 3.5 ppm (predominantly APT) and at -3.5 ppm (predominantly rNOE). Due to the long T 1w , most of the DE is also removed. Interestingly, this result shows larger APT in gray matter (GM) than in white matter (WM), but about equal rNOE. Assuming that the rNOE signals come predominantly from mobile macromolecules (MM) (van Zijl et al., 2003) , this is a gratifying result because MRS data show the same effects of equivalency of MM concentrations in these two tissues (Snoussi et al., 2015) . It is interesting to compare this result to MTR Rex data by (Windschuh et al., 2015) , also acquired at 7 T. Similarly, the amide image shows high intensity in GM, but the rNOE image is somewhat lower in GM. We tentatively attribute this to some contamination by MTC, similar to the data in Fig. 9 , where the MM component sits on a broader MTC component.
It is important to note that the VDMP technique can in principle also be used for quantification of different MTC components when applying the on-resonance version (Xu et al., 2017) , in which the semisolid and mobile macromolecules and fast-exchanging protons are labeled efficiently by binomial pulses applied at the water resonance. Varying the mixing time is an accurate procedure controlled in MRI scanners, while the use of B 1 -dependence in conventional quantitative MT (qMT) is sensitive to hardware conditions (power loss, B 1 inhomogeneity, specific absorption rate (SAR) and amplifier restrictions).
High field saturation transfer experiments -advantages and issues
It should be clear from the previous sections that water Z-spectra contain a mix of information from many components, the contributions of which will vary substantially depending on the experimental parameters, such as pulse sequence used (RF pulse shape, length and interpulse timing), the RF field strength B 1 , and the magnetic field strength B 0 . Fig. 11 shows simulations of how these contributions vary with B 0 and B 1 for the simple situation of continuous saturation and the example of 4 CEST pools (main brain contributions of protein amides, creatine, glutamate, myo-inositol), 5 rNOE-pools, symmetric MTC, and DE used above in Figs. 4 and 8. These simulations are noisefree, but the usual increase of SNR with B 0 (increased polarization) will benefit these experiments at higher field.
A quick glance at the Z-spectra in Fig. 11 shows that, similar to MRS, the use of high field scanners has the clear advantage of improving the frequency separation between the resonances of the spin pools. However, compared to MRS, where predominantly aliphatic resonances are studied, the use of higher field is even more important for CEST because increasing B 0 facilitates a progression towards the slow-exchange condition and reduced interference of direct water saturation. While the amide protons and rNOEs are in the slow exchange regime for all three fields, the other CEST pools simulated are not. For example, at low B 1 (0.5 µT, top row in Fig. 11 ), the creatine resonance (assumed k sw of 1100 Hz) is in the intermediate exchange regime, with an indistinguishable resonance at 3 T that only becomes visible at 7 T and higher. Glutamate and myo-inositol remain in the intermediate-to-fast regime and coalesce with water even at the higher fields, but still cause an asymmetry in the Z-spectrum that may be detectable under favorable conditions. At low B 1 (0.5-1 µT), in our example, the contributions to the Z-spectrum are therefore dominated by the slow-exchanging amides and rNOEs, and at higher B 0 the guanidinium protons from creatine. The fine structure of the rNOEs may become visible at low B 1 , which was found in recent pulsed steady state data (Jones et al., 2013) (Fig. 9) .
It should be clear from these simulations that it will be hard to detect fast-exchanging OH and amine groups at low B 0 . For instance, the glutamate protons cannot be distinguished from creatine at 3 T and OH groups are mixed with glutamate and creatine protons even at the higher field. The current simulations are for continuous saturation, and in view of the results, it seems unlikely that glutamate or myo-inositol detection in brain can be done well at 3 T without advanced editing. At 7 T and B 1 =4 µT, for the current limited number of CEST pools in our simulation, glutamate protons are the main contribution at 3 ppm ( > 50%), but the effect is about 0.4%, a contribution that increases at 11.7 T. Thus, in line with the original report for gluCEST , such detection should in principle be possible but the mentioned caveat of limited pools in the simulation should be kept in mind. However, as a more positive caveat, experiments use limited saturation time (500-1000 ms) instead of steady state continuous irradiation and the slow-exchange MTC effects will reduce and fast exchanging protons may become better visible. Detection of myo-inositol seems proble- Fig. 10 . Variable delay multi pulse (VDMP) CEST editing and relaxation compensated CEST imaging in human brain at 7 T. (a) Multi-echo MRI pulse sequence with VDMP saturation preparation train of Gaussian 180°pulses (width t p , inter pulse delay t mix , crushers to suppress residual transverse magnetization). Every set of 4 pulses is cycled using the "CYCLically Ordered Phase Sequence" (CYCLOPS) approach, i.e. 90°steps (x, y, -x, -y) to complete a cycle. (b) Simulation of saturation buildup as a function of t mix for four typical spin pool transfer rates: rNOE (16 Hz), APT (29 Hz), MTC (60 Hz), and fast exchange (1000 Hz). All intensities normalized to the first data point (t mix =0 ms) to make curves independent of the concentration of exchanging protons. (c) In vivo Z-spectra of human brain at t mix =0 ms and at t mix =100 ms (optimized for compensating for MTC). (d-f) VDMP difference maps for MTC at 8 ppm (d), APT (e) and rNOE (f). (g-h) MTR Rex images in another volunteer acquired at the APT and rNOE frequencies. Reproduced, with permission from: (a) Xu J. et al. MRM 71:1798 -1812 ; (b-f) Xu J. et al. 75:88-96 (2016) MRM; (g,h) Windschuh et al. NMR Biomed. 2015; 28: 529-537. matic at any field due to its coalescence with water and overlap with glutamate. Notice that such compounds can be detected in phantoms in one-component solution due to the large asymmetry for the intermediate exchange case, but most likely not cleanly in mixtures with each other, unless with some use of editing. Thus, care has to be taken to claim detection of any of these compounds in tissue, unless either a physiological paradigm or a contrast agent can be used (e.g. glucose, (Chan et al., 2012; Nasrallah et al., 2013; Walker-Samuel et al., 2013; Xu et al., 2015a Xu et al., , 2015b to specifically alter the concentration of one of these, allowing difference imaging for its visualization. Similar issues will exist for other organs, with the visibility depending on the presence of other compounds (e.g. glycogen and creatine in the muscle) and the use of certain analysis techniques. Finally, since power deposition goes with the square of the field strength, SAR and amplifier performance will become an issue at higher B 0 and make the use of continuous wave (CW) saturation at high B 1 difficult. On the other hand, SAR is inversely proportional to the coil diameter and the use of smaller, more local, transmit coils or parallel transmission may alleviate this problem in part. The B 0 correction for Z-spectra becomes more important at high field, but since such corrections are done on a voxel-by-voxel basis, this should not be an issue.
While higher field clearly benefits CEST MRI in terms of resonance dispersion, this advantage is not relevant for MTC data, with the microsecond T 2 causing a broad signal. However, it is important to comment on effects that may occur when using higher fields. In the 1.5 T literature, an irradiation offset of 1000 or 1500 Hz was recom- Fig. 11 . Simulations of the B 0 dependence of Z-spectra of gray matter using continuous saturation at different B 1 levels. Parameters used are listed in Table 1 and Figs. 4 and 5. Notice the coalescence of the fast exchanging glutamate amine and myo-inositol hydroxyl resonances with the water resonance and the improving appearance of the creatine guanidinium protons at higher field due to moving towards the slow exchange regime. mended, which corresponds to about 16-24 ppm, and thus well outside the spectral range. However, the lower limit reduces to about 8 ppm and 4 ppm at 3 T and 7 T, thus moving into the proton spectral range and causing contamination of MTC with CEST or rNOE components, especially at negative frequency with respect to water. Thus the offset recommendation should probably be in ppm and for positive frequency. In addition, experimental data such as in Fig. 6 show a clear asymmetry in MTC-based saturation even at higher offsets. This is in addition to the effect size depending on the pulse sequence parameters. Thus, when designing clinical trials for MTC, a single frequency offset in ppm ( > 10 ppm) at one side of the water signal is recommended, together with exactly the same pulse sequence in terms of RF pulse shape, length, number of pulses, interpulse delay, and even imaging sequence as any RF components in the imaging part may contribute to the MTC. More quantitative MTC (qMTC), independent of the imaging sequence, would be possible by varying B 1 or timing inside the saturation preparation, which is the topic in qMTC (Gochberg and Gore, 2003; Harrison et al., 1995; Sled and Pike, 2001; Stanisz et al., 1999) . Methods are also being developed to separate out symmetric and asymmetric and fast and slow MTC components (Xu et al., 2017) . Finally, recent studies at higher field have shown contrast between different gray matter regions depending on their iron content. This is well possible as the iron will affect the magnetic susceptibility of the tissue and thus shift the line shape center frequency. This may be useful for studying iron content (Smith et al., 2006) , but can be avoided by centering the water frequency in each voxel using one of the methods for B 0 correction mentioned above.
Using the endogenous Z-spectrum for the study of disease It should be clear from the above considerations that the in vivo Zspectrum is a complex acquisition-parameter-dependent observable, the interpretation of which has to be done carefully to avoid overstated or even erroneous conclusions. In the end, validation of any CEST or MTC approach has to come from biochemical verification and from reproducibility studies between multiple laboratories using equivalent parameter settings. Despite many shortcomings for each of the above described analysis approaches, several of them still provide useful information for assessing features of the CEST spectrum and even show potential for making some clinical inferences. However, it has to be realized that their suitability is related to the particular application. For instance MTR asym analysis, while used for most applications until now, clearly is the "dirtiest" approach when it comes to mixing of signals (CEST, symmetric MTC, rNOE) . However, such an analysis has lead to several successful clinical applications, while the interpretative value of other more advanced approaches is, to a large extent, still to be proven in situ.
The best example of successful use of MTR asym analysis is at the amide proton frequency of 3.5 ppm using so-called APT-weighted MRI, which allows the clear detection of malignant brain tumors Salhotra et al., 2008; Wen et al., 2010; Zhou et al., 2008 Zhou et al., , 2003a and even the separation of recurrent tumors from treatment necrosis effects . This potential is supported by clear results from multiple institutions around the world both in experimental models and humans using multiple scanner types (Jiang et al., 2016c; Ma et al., 2016; Park et al., 2015a; Park et al., 2015b; Sagiyama et al., 2014; Sakata et al., 2015; Togao et al., 2014; Wen et al., 2010; Zhao et al., 2013; Zhou et al., 2013) and is being confirmed by biopsy studies (Jiang et al., 2016a . The success of this approach is based on a coincidental symbiotic effect of mixing the rNOE, APT and asymmetric MTC contributions. This symbiosis remains intact when removing the DE and symmetric MTC components using the abovementioned symmetric EMR approach , and measuring the remaining APT # effect at the amide proton frequency.
An important caveat to this research (and most CEST research) is that the terminology "APT or APTw MRI" is vague and could include the use of a variety of pulse sequences and data analysis approaches that can produce conflicting outcomes between sites. This has also led to the phenomenon of criticism between groups based on claims that one approach is better (more unbiased or accurate) than that of another, based either on theoretical predictions or phantom data. This is unfortunate considering the complexity of the data and especially in view of the fact that most groups have used greatly different pulse sequence parameters in terms of pulse number, length, B 1 and spacing. Interestingly, this separating out of some of the components with other pulse sequences and analysis methods appears to in some cases remove the "high-grade tumor" specificity. For instance, when using the AREX or MTR Rex analysis after Lorentzian background fitting for "purifying" the amide proton transfer effect, the results were no longer conclusive at the amide proton frequency (Zaiss et al., 2015a) . When using these latter approaches, therefore, drawing of clinical inferences related to tumor grade and treatment effect versus recurrent tumor no longer seems possible as the information content has changed. However, they may have potential for other analyses, e.g. highlighting areas of blood brain barrier breakdown similar to contrast enhanced MRI (Zaiss et al., 2015a) . Similar controversy for tumor analysis has been found when using shorter RF pulses and higher B 1 than in the original APTweighted literature (Desmond et al., 2014; Scheidegger et al., 2014) . Thus for this approach with important potential to become standard in the clinic, it will be essential for the scanner companies to automate it with the appropriate B 1 and t sat settings and analysis approaches. For instance, while APT-weighted analysis has clearly showed the potential for mapping pH changes during ischemia (Sun et al., 2007; Zhou et al., 2003b; , purer APT signals such as obtained by the EMR approach are more suitable to study pH effects during ischemia, because they avoid mixing of rNOEs and CEST effects (Heo et al., in press; Leigh et al., 2017) , both of which are pH dependent (Jones et al., 2013) . The second most studied resonance with high abundance in the Zspectrum is that of the guanidinium proton pool, mainly originating from Cr, PCr and some protein/peptide side chains. As Cr has the highest exchange rate Haris et al., 2012) , about 6-10 times that of PCr, it is known to be the predominant contributor under typical in vivo conditions, especially in the brain where the concentrations of Cr and PCr are comparable in magnitude (Duarte et al., 2012) and the muscle (myocardium and skeletal muscle), where the Cr concentration typically is 40-80 percent higher than that of PCr (Bottomley, 2016 (Bottomley, , 1996 (Bottomley, , 1997 . Because of the intermediate range exchange rate of Cr, the guanidinium resonance is partially collapsed with water at lower field, while it can be distinguished on the broad background at sufficiently high field (Fig. 11) . Early work has focused on muscle, both skeletal and cardiac Kogan et al., 2014a Kogan et al., , 2014b . Again the MTR asym ratio was used (called CrCEST or CrEST), sometimes with negative frequency offset reference instead of S 0 . However, similar to APTw MRI, this approach results in mixing in of the rNOEs, in this case of for instance glycogen. Also, even when not using the MTR asym ratio and even if DE and MTC could be removed with for instance Bloch fitting, there is mixing in of the broad coalesced signals of the OH protons of glycogen over the same frequency range . However, such arguments are no longer very relevant when one is studying either changes during a creatine-specific paradigm or comparing healthy with diseased tissue. Similar to APTw MRI, as long as a change is measured that is reproducible for a certain paradigm or disease, there may be clinical value, even if the interpretation is not totally clean. Using plantar flexion exercise in calf muscle as a paradigm, clear increases in the guanidinium signals could be found using high-resolution CrCEST MRI at 7 Tesla (Kogan et al., 2014a) , in line with expectations of increasing Cr concentration. In addition, the muscle groups selectively involved in this type of exercise were highlighted in the difference images. While quantification of the effects in terms of pure Cr and quantification of concentrations is difficult due to the above arguments and the changing pH affecting the Cr CEST signal, this simple approach has potential for many important in vivo applications involving energetics in many organs. One example of that was application of CrCEST to cardiac infarction, where a reduction in Cr was found instead of an increase, assigned to being possibly due to reduced pH and reduction in Cr after long periods of infarction . Overall, this muscle creatine work has great potential, but the confounding factors of changes in glycogen, pH and T 2 (Price and Gore, 1998) have to be accounted for in future work. With respect to other applications for Cr, recent work has shown potential to differentiate tumors from healthy tissue due to a lack of Cr in the tumor or reduced pH (Cai et al., 2015 (Cai et al., , 2017 Chan et al., 2016) .
Another metabolite for which MTR asym analysis has shown potential for brain Cai et al., 2013; Singh et al., 2013) and spinal cord (Kogan et al., 2013) applications is glutamate (Glu). Despite this being a coalesced resonance even at fields as high as 11.7 T (Fig. 11) , and the consequential overlap with other coalesced resonances from GABA, glutamine (Gln), and taurine (Tau), Reddy and coworkers Singh et al., 2013) have reported that, under the right B 1 and B 0 conditions, Glu and changes in its concentration can be detected. This GluCEST approach has shown potential in several diseases. For instance, a 20 -25% loss in MTR asym at 3ppm was found for the hippocampus going from wild type to APP-PS1 mice, a transgenic Alzheimer's disease model (Crescenzi et al., 2017 (Crescenzi et al., , 2014 Haris et al., 2013a) , which correlated with MRS data in the same mice while MTC contributions could be ruled out. Another nice demonstration of gluCEST is in a "Parkinsonian-type" mouse model where dopamine neuron deficiency was induced in the substantia nigra leading to astrogliosis and glutamate increase in the striatum (Bagga et al., 2016) . GluCEST signal increases were confirmed by immunohistochemistry and MRS. Glutamate reductions were also reported in a mouse model of Huntington's Disease (Pepin et al., 2016) , but here the results seem more complicated to interpret as large reductions in taurine (Tau) occurred, which also has a coalesced line shape over a similar frequency range as glutamate. Humans have lower Tau concentrations, so this may provide a lucky situation for applying such studies in the clinic. Overall, it is again a fortunate coincidence that at B 1 values above 4 µT at 7 T and 2 µT at 11.7 T, the Glu component is quite clean at 3 ppm as shown in Fig. 11 . While these simulations do not take into account other amine containing compounds such as GABA, Gln and Tau, the detection of Glu in humans is favored due to its large in vivo concentration compared to these other metabolites. Therefore, glutamate changes should be well detectable although some contamination by other components is hard to rule out. But it has to be kept in mind that the clinic only requires a measurable reproducible effect that can be validated with other measures and, similar to APTw MRI, this may apply to several GluCEST applications. Recent impressive results using GluCEST to lateralize seizure foci in a small group of patients with non-lesional temporal lobe epilepsy (Davis et al., 2015) confirms this potential. Interestingly, while all of the above-mentioned studies used MTR asym analysis for GluCEST, the simulated spectra in Fig. 11 indicate that it may be better to just use B 0 -corrected Z-spectra, preferably with removal of the dominating MTC and DE components using Bloch equation fitting.
Finally, there have been reports of the ability of MTR asym analysis at 0.6 ppm offset to detect myoinositol (MI) in healthy brain (Haris et al., 2011) and 50% changes in MI in AD (Haris et al., 2013b) . Looking at Fig. 11 , this should be quite complicated due to overlap with all coalesced signals, especially glutamate. However, myoinositol has a very high concentration (7.5 mM, corresponding to 45 mM OH protons), which may allow it detection, and the potential of this approach has to be proven in future detailed studies.
Overall, applications of conventional CEST have focused mainly on the use of MTR asym analysis, with some good results especially for APTw MRI and GluCEST. Overall, removal of the dominating background signals from DE and MTC using such an asymmetry analysis has paid off. Similarly the use of Bloch fitting is showing potential for the same purpose, for instance for the use of APT in stroke imaging. This latter may be the best approach to combine with the AREX and MTR Rex approaches. The use of simple Lorentzian fitting, either for the background signals or the remaining spectral components (many of them with coalescing lineshapes), seems to have too many pitfalls. However, much more work is needed to establish quantitative approaches for precise measurement or editing of pure metabolite effects and this may have to be done differently for different metabolites or even for the same metabolite at different field strength depending on the exchange regime. For reproducible application between laboratories and clinics, the scanner manufacturers will ultimately be needed to provide the optimum settings for each application as determined from basic research.
Conclusions and perspective
While MTC is a mature field with utility in several clinical applications, CEST imaging is a burgeoning young field that has given rise to new enthusiasm regarding the detection of millimolar metabolites and contrast agents using MRI instead of MRS. Similar to MRS, it can be expected that the use of high magnetic fields will strongly facilitate the CEST research endeavors and, through the availability of increased chemical shift dispersion and the use of advanced editing pulse sequences, allow detection of specific metabolites and agents. However, the above overview should also make clear that there are many caveats to overcome and that the taking of a simplified view for the detection of certain compounds from phantom results and the naming of a method after that will often be an oversimplification. For instance, common practice in the CEST literature has been to perform MTR asym analysis in single-component physiological phantoms (buffer, pH~7-7.3, T=37°C) and naming the method after that (glycoCEST, gagCEST, gluCEST, MICEST, CrCEST, etc.). While, under favorable experimental conditions of an optimized pulse sequence and B 1 , the intended component may dominate at a certain frequency, it is unlikely to be pure in vivo nor its detection unbiased or accurate. As such, it would be recommendable to call all approaches "weighted", similar to that of other imaging methods. Fortunately, this is becoming recognized and at least the APT literature is moving to the terminology "APT-weighted", which is definitely more applicable in view of the mixing of amide proton, asymmetric MTC and rNOE signals. Substitution of MTR asym analysis by background removal methods based on Bloch fitting of the DE and MTC components improves the detection of some "purer" components, some of which can then be fit with Lorentzian analysis, but obviously not the fast-exchanging protons. Despite being theoretically sound, the use of inverse Z-spectral analysis for multi-components tissue analysis will also depend on the success of these background removal approaches and be complicated by spectral coalescence.
In conclusion, the CEST field has opened up great opportunities for the detection of millimolar agents and metabolites using actual MRI. However, due to the complexity of the in vivo tissue Z-spectrum, care has to be taken not to over-interpret the data. From the above, It should be clear that the optimum pulse sequence and B 1 need to be determined for each individual application and that detection of certain compounds is not feasible with CW saturation approaches, especially fast-exchanging protons at low B 0 . The investigators in this CEST field thus have the task of optimizing the technologies and standardizing them in order to provide clinicians with successful technologies that can be reproduced between different MRI systems and different hospitals, an effort that will in many instances be facilitated by the use of higher magnetic fields. Our cautious prediction therefore is that many of the issues discussed in this contemporary review will be resolved in the coming decade.
